Adaptor protein complex 3 (AP-3) is a heterotetramer that is involved in signal-mediated protein sorting to endosomal-lysosomal organelles. AP-3 deficiency in humans, induced by mutations in the AP3B1 gene, which encodes the ␤3A subunit of the AP-3 complex, results in Hermansky-Pudlak syndrome 2 (HPS2), which is a rare genetic disorder with defective lysosome-related organelles. In a previous study, we identified the AP-3 complex as an important contributor to HIV-1 assembly and release. We hypothesized that cells from patients affected by HPS2 should demonstrate abnormalities of HIV-1 assembly. Here we report that HIV-1 particle assembly and release are indeed diminished in HPS2 fibroblast cultures. Transient or stable expression of the full-length wild-type ␤3A subunit in HPS2 fibroblasts restored the impaired virus assembly and release. In contrast, virus-like particle release mediated by MA-deficient Gag mutants lacking the AP-3 binding site was not altered in HPS2 cells, indicating that the MA domain serves as the major viral determinant required for the recruitment of the AP-3 complex. AP-3 deficiency decreased HIV-1 Gag localization at the plasma membrane and late endosomes and increased the accumulation of HIV-1 Gag at an intermediate step between early and late endosomes. Blockage of the clathrin-mediated endocytic pathway in HPS2 cells did not reverse the inhibited virus assembly and release imposed by the AP-3 deficiency. These results demonstrate that the intact and stable AP-3 complex is required for HIV-1 assembly and release, and the involvement of the AP-3 complex in late stages of the HIV-1 replication cycle is independent of clathrin-mediated endocytosis.
T
he highly orchestrated process of HIV-1 assembly and release is driven by the Gag precursor protein (Pr55-Gag), which is synthesized on free cytosolic ribosomes and modified cotranslationally by the N-terminal attachment of a myristyl group (27, 73) . In the absence of other viral proteins, the HIV-1 Gag protein alone forms noninfectious virus-like particles (VLPs), indicating that it plays a central role in particle assembly and release (31) . During or shortly after virus release, viral protease (PR)-mediated cleavage of the Gag precursor leads to virus maturation, a morphological transition essential for virus infectivity. The HIV-1 Gag protein contains four structural domains (from the N to C terminus): matrix (MA), capsid (CA), nucleocapsid (NC), and p6, as well as two spacer peptides, SP1 (located between CA and NC) and SP2 (located between NC and p6). The myristylated MA domain is required for proper targeting of Gag to distinct microdomains (such as lipid rafts or tetraspanin-enriched microdomains) of the plasma membrane (PM) through its direct interaction with phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2], located at the cytoplasmic leaflet of the PM, resulting in increased exposure of the N-terminal myristate moiety (49, 61) . The CA domain mediates Gag multimerization (28) . In addition to contributing to Gag-Gag interactions, the NC domain is also responsible for packaging of the viral RNA into budding virions (16) . The p6 domain is involved in virus pinching off from the cell surface by recruiting the host ESCRT (endosomal sorting complex required for transport) machinery (8, 19, 47) .
In addition to viral determinants required for productive particle assembly and release, some cellular factors have been identified to be involved in these events (11, 14, 30, 37, 38, 71, 75) . One example of these host factors is the AP-3 complex (22) . The heterotetrameric AP-3 complex is composed of two large subunits (␦ and ␤3), a medium subunit, 3, and a small subunit, 3 (58, 59) . In mammals, the AP-3 complex is considered to mediate the sorting and transport of membrane proteins from the trans-Golgi network (TGN), early endosomes (EEs), and tubular sorting endosomes to late endosomes (LEs), multivesicular bodies (MVBs), lysosomes, and lysosome-related organelles (43, 53, 59, 60) . AP-3 deficiency results in the impaired vacuolar delivery of alkaline phosphatase in yeast (15, 67) , the defective pigment granule biogenesis in fruit flies (51, 66) , and abnormal melanosomes and platelet-dense granules in mammals (18, 40, 44) . HermanskyPudlak syndrome (HPS) is a group of autosomal recessive genetic disorders in humans that is characterized by hypopigmentation and platelet dysfunction (21) . HPS2, a rare subtype of HPS, is caused by an impaired AP-3 sorting machinery due to mutations in the AP3B1 gene encoding the ␤3A subunit (12, 13, 18, 25, 26, 32, 35, 39, 72) . In HPS2 fibroblasts, missorting of lysosomal membrane proteins to the cell surface results in the increased surface expression of these proteins (18) . Similarly, in HPS2 B-lymphoblastoid cells, mistargeting of CD1B to the PM and/or early endosomes induces a defect in antigen presentation (68) . In HPS2 cytotoxic T cells (CTL), lytic granules fail to transit along microtubules to the immunologic synapse, resulting in dysfunctional CTL-mediated killing (13) .
Experiments of nature can help to validate and extend findings derived in laboratory studies. To further evaluate the role of the AP-3 sorting machinery in late stages of the HIV-1 replication cycle, in the present study we examined HIV-1 particle assembly and release in primary fibroblasts derived from HPS2 patients. We demonstrate that HIV-1 assembly and release are diminished significantly in AP-3-deficient HPS2 fibroblasts and that the impairment in HIV-1 assembly and release could be restored by reconstituting the functional AP-3 complex in HPS2 fibroblasts. AP-3 deficiency in HPS2 fibroblasts reduced HIV-1 Gag localization at the plasma membrane and late endosomes and increased HIV-1 Gag accumulation at transport intermediates between early and late endosomes. Dominant inhibition of early stages of the clathrin-mediated endocytic pathway in HPS2 fibroblasts did not rescue the impairment of virus assembly and release. These data, derived in cells from a naturally occurring genetic deficiency of the AP-3 complex, further support a role for the AP-3 sorting machinery during late stages of the HIV-1 replication cycle.
Cell culture and transfections. Primary cultures of skin fibroblasts from individuals with HPS2 and normal individuals were obtained from the Coriell Cell Repositories (Camden, NJ). HPS2 fibroblasts (GM17890) were maintained in Dulbecco modified Eagle's medium (DMEM, high glucose) with 2 mM L-glutamine, 10% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in 10% CO 2 . Normal fibroblasts (GM05381) were cultured in DMEM (high glucose) supplemented with 2 mM L-glutamine, 20% fetal bovine serum, 100 U/ml penicillin, and 100 g/ml streptomycin at 37°C in 5% CO 2 . Normal and HPS2 fibroblasts were transfected using Lipofectamine 2000 (Invitrogen) or X-tremeGENE HP DNA transfection reagent (Roche).
Virus production and infection. HIV-1 virus stocks pseudotyped with the vesicular stomatitis virus G glycoprotein (VSV-G) were obtained by calcium phosphate or polyethylenimine (PEI) transfection of 293T cells with pNL4-3/⌬Env and pHCMV-G expression plasmids. At 48 h after transfection, supernatants were collected, filtered through 0.45-m filters, and centrifuged at 28,000 ϫ g for 2 h at 4°C through a 20% sucrose cushion. Purified VSV-G-pseudotyped NL4-3 viruses were used to infect normal or HPS2 fibroblasts at a higher multiplicity of infection (MOI). At 40 to 48 h after infection, cells were lysed for Western blot analysis. VSV-G-pseudotyped retrovirus stocks encoding the ␤3A subunit of the AP-3 complex were prepared from 293T cells cotransfected with pBabe-AP3B1, pCL-Ampho, and pHCMV-G expression plasmids. Supernatants were harvested at 40 to 48 h after transfection, filtered through 0.45-m filters, aliquoted into cryovials, and stored.
Confocal microscopy. Normal and HPS2 fibroblasts were grown overnight on glass coverslips in 6-well plates and then fixed with 3.8% formaldehyde in a sodium phosphate buffer at room temperature for 10 to 15 min, permeabilized with 0.1% Triton X-100 for 10 min, and blocked with 5% bovine serum albumin in phosphate-buffered saline (PBS) for 1 h. Fibroblasts were then immunostained with the indicated primary antibodies and fluorescently labeled secondary antibodies. CD63 or LAMP-1 was revealed by mouse anti-LAMP-3 or mouse anti-LAMP-1 antibodies, respectively, followed by goat anti-mouse IgG conjugated to Alexa Fluor 546. To examine the distribution pattern of the endogenous ␤3A subunit, normal and HPS2 fibroblasts were transfected with a pECFP-Nuc plasmid. At 24 h after transfection, cells were fixed, permeabilized, and immunostained with rabbit anti-␤3A antibodies, followed by goat anti-rabbit IgG conjugated to Alex Fluor 546. To observe the subcellular localization of the cyan fluorescent protein (CFP)-tagged Gag, normal and HPS2 fibroblasts were transfected with a Gag-CFP expression plasmid. At 20 to 24 h or 30 to 36 h after transfection, fibroblasts were fixed for examination. To observe the subcellular localization of the Gag protein, normal and HPS2 fibroblasts were transfected with the Gag expression plasmid. At 20 to 24 h or 30 to 36 h posttransfection, fixed fibroblasts were subjected to immunostaining with rabbit anti-p17 antisera and goat anti-rabbit IgG conjugated to Alexa Fluor 546. In some colocalization experiments, normal and HPS2 fibroblasts were cotransfected with Gag-GFP and HcRed-CD63, Gag-CFP and YFP-Golgi, or Gag-HcRed and Rab5-GFP expression plasmids. At 30 to 36 h posttransfection, fibroblasts were fixed for examining the colocalization of two fluorescent labels. In other colocalization experiments, HPS2 fibroblasts were transfected with Gag expression plasmids. At 30 to 36 h after transfection, fibroblasts were immunostained with rabbit anti-p17 antisera and either mouse anti-TGN38, anit-EEA1, anti-Vti1b, or anti-syntaxin 8 antibodies, followed by goat anti-rabbit IgG conjugated to Alex Fluor 546 and goat anti-mouse IgG conjugated to Alex Fluor 488. Confocal images were acquired using a Nikon TE2000-U laser-scanning confocal microscope or a Nikon A1R confocal microscope. Data analysis was performed with NIS-Elements AR 3.0 software. The Pearson's correlation coefficient (R) was used to quantify the levels of colocalization between two fluorescent probes.
Flow cytometry analysis. Cell surface staining of CD63 and LAMP-1 was performed in normal fibroblasts, HPS2 fibroblasts, and HPS2 (␤3Aϩ) populations. Samples were immunostained with mouse anti-LAMP-3 or mouse anti-LAMP-1 antibodies, followed by APC-conjugated goat anti-mouse IgG secondary antibodies. Samples were then examined on a BD FACSCalibur flow cytometer, and the data were analyzed with FlowJo software.
Transferrin uptake assay. HPS2 fibroblasts were transfected with EGFP, GFP-dynamin (K44A), or FLAG-Eps15 (⌬UIM) expression plasmids. At 24 h after transfection, cells were incubated in serum-free medium at 37°C for 1 h. Transferrin (Tf) conjugated to Alexa Fluor 546 (Invitrogen) was then added to medium at 20 g/ml. After 1 h of uptake, HPS2 fibroblasts were washed extensively in PBS, fixed, permeabilized, and immunostained with mouse anti-GFP or mouse anti-FLAG antibodies and goat anti-mouse IgG conjugated to Alex Fluor 488.
RESULTS
The AP-3 complex is impaired in HPS2 fibroblast cultures. Our previous studies indicated that the AP-3 sorting machinery is recruited by HIV-1 Gag for particle assembly and release (22) . To better understand the role for the AP-3 complex in late stages of the HIV-1 replication cycle, we examined primary cultures of skin fibroblasts derived from individuals with HPS2. To confirm that AP-3 deficiency appeared in HPS2 fibroblasts, we compared AP-3 expression in normal and HPS2 fibroblast cultures (Fig. 1A) . Immunoblot analysis was performed with whole-cell extracts from each of the two primary fibroblast cultures. AP-3 expression in HPS2 fibroblasts was much lower than in normal fibroblasts: the ␦-subunit was lower by approximately 3-fold, the 3A subunit by almost 4-fold, and 3A and ␤3A subunits were lower by more than approximately 10-fold. We also performed immunofluorescence microscopy to examine the distribution pattern of the AP-3 complex in the two primary fibroblast cultures by immunostaining with anti-␤3A antibodies. In normal fibroblast cultures, the AP-3 complex localized at peripheral and perinuclear regions and displayed a punctate distribution pattern (Fig. 1B, left ). In contrast, in HPS2 fibroblast cultures the AP-3 complex was less stained, consistent with Western blot assay results showing reduced expression of this complex (Fig. 1B, right) .
The AP-3 deficiency results in increased surface expression of lysosomal membrane proteins (18) . To examine whether defects in the AP-3 complex alter trafficking pathways of lysosomal membrane proteins, we observed by confocal microscopy the distribution patterns of CD63 and LAMP-1 in normal and HPS2 fibroblast cultures. Immunofluorescence staining of permeabilized fibroblast cultures revealed that CD63 and/or LAMP-1 in normal (Fig. 1C , left) and HPS2 fibroblast (Fig. 1C, right) cultures exhibited the perinuclear and punctate distribution pattern. Next, we performed flow cytometry assays to compare cell surface expression of CD63 and LAMP-1 in the two fibroblast cultures. The levels of CD63 and LAMP-1 on the surfaces of HPS2 fibroblast cells were increased by 2-to 3-fold, compared to normal fibroblast cultures (Fig. 1D ). As expected, these results confirm that AP-3-dependent trafficking is impaired in HPS2 fibroblast cultures resulting in missorting of CD63 and LAMP-1 to the cell surface.
HIV-1 assembly is inhibited in HPS2 fibroblast cultures. We reasoned that HPS2 fibroblast cultures may demonstrate a deficiency in assembly of HIV-1 particles. To test this hypothesis, normal and HPS2 fibroblast cultures were transfected with pNL4-3 proviral DNA. At 40 to 48 h after transfection, cell-associated and released p24 antigens were measured in enzyme-linked immunosorbent assays (ELISAs). The percentage of p24 antigen in supernatants as a fraction of p24 antigen in supernatant plus cell lysate was then determined and used as a standard to compare particle release efficiency from HPS2 fibroblasts versus normal fibroblasts. As expected, virus release efficiency from HPS2 fibroblast cultures was significantly lower than that from normal fibroblast cultures ( Fig. 2A) . To further examine HIV-1 assembly in HPS2 fibroblasts, we used VSV-G-pseudotyped NL4-3 viruses to infect the two fibroblast cultures at a higher MOI. Virus release from HPS2 fibroblast cultures was markedly inhibited, while the levels of the cell-associated Gag proteins in the two fibroblast cultures were comparable, confirming that HPS2 fibroblasts do not support efficient particle assembly and release (Fig. 2B) . Similarly, VLP release efficiency in HPS2 fibroblasts expressing Gag alone was lower than that in normal fibroblasts expressing Gag alone (Fig. 2C) .
It is well known that the treatment of the fungal metabolite brefeldin A (BFA) disassociates the AP-3 complex from membranes and impairs AP-3 function in protein sorting (50) . We examined the effect of BFA on HIV particle release from normal fibroblasts. We treated normal fibroblasts with BFA for 1 h and observed a redistribution of endogenous AP-3 from punctate intracellular membrane-bound structures to a somewhat more diffuse appearance (see Fig. S1A in the supplemental material). As expected, 1-h BFA treatment increased cell surface CD63 levels (see Fig. S1B ). Similar to previous observations (38, 52, 63) , the results of our Western blot assay of HIV-1 Gag-Pol VLP did not show an inhibitory effect on particle release induced by 1-h BFA treatment (Fig. S1C) . We interpreted this to indicate that either the incomplete dissociation of AP-3 from membranes by BFA (50) was not sufficient to disrupt AP-3-mediated transport of Gag, or that the brief disruption of AP-3 function by BFA was dissociated from the relevant time of Gag transport in the treated cells.
A previously described MA-deleted Gag mutant (Src⌬ MAGag), which bears the v-src signaling sequence at its N terminus and supports efficient VLP assembly and release, was next examined in our studies. In contrast to the reduced Gag VLP release efficiency in HPS2 fibroblasts, Src⌬MAGag VLP release efficiency in HPS2 fibroblasts was comparable to that in normal fibroblasts (Fig. 2D) , consistent with previous studies that used a small interfering RNA (siRNA) approach to show that the MA domain is the viral determinant required for the Gag-AP3 interaction engaged in the productive HIV-1 assembly and release (22) . Taken together, our results indicate that AP-3-deficient fibroblasts derived from HPS2 patients do not support efficient assembly and release of HIV-1.
Expression of the full-length wild-type ␤3A subunit in HPS2 fibroblast cultures reverses the inhibited assembly and release of HIV-1. To validate the specific role for the AP-3 complex in HIV-1 particle assembly and release, we next performed experiments to restore AP-3 function in HPS2 fibroblasts. pNL4-3 proviral DNA, along with either control empty pcDNA vectors or AP-3B1 expression plasmids, was transfected into HPS2 fibroblast cultures at a ratio of 1:1. Western blot assays and p24 ELISAs indicated that transient expression of ␤3A in HPS2 cells increased virus release (Fig. 3A and B ). An HIV-1 Gag-Pol expression plas- Normal and HPS2 fibroblast cultures were transfected with pNL4-3 proviral DNA. At 40 to 48 h after transfection, p24 levels in cell lysates and supernatants were measured in ELISAs. Particle release efficiency was calculated by determining the percentage of p24 antigen in supernatant as a fraction of p24 antigen in supernatant plus cell lysate. Data from three independent experiments are shown (means Ϯ SD). P values were determined by using a paired Student's t test. **, P Ͻ 0.01. (B) Normal and HPS2 fibroblast cultures were infected with VSV-G-pseudotyped NL4-3 viruses at a higher MOI. At 40 to 48 h after infection, Western blot analysis of cell lysates and pelleted virion lysates using anti-HIV Ig and anti-actin antibodies was performed. (C and D) Normal and HPS2 fibroblast cultures were transfected with Gag (C) or Src⌬MAGag (D) expression plasmids. At 40 to 48 h posttransfection, a p24 antigen ELISA was performed with cell lysates and supernatants. Particle release efficiency was calculated by determining the percentage of p24 antigen in supernatant as a fraction of p24 antigen in supernatant plus cell lysate. Data represent means Ϯ SD from three independent experiments. ns, not significant; *, P Ͻ 0.05. mid was also used in our studies to evaluate the impact of ␤3A on Gag-Pol VLP release from HPS2 fibroblasts. As shown in Fig. 3C , ␤3A expression in HPS2 cells did not alter the levels of Gag expression and processing (top). However, ␤3A expression in HPS2 cells increased the yield of extracellular Gag-Pol VLP by about 4-fold (bottom). Similarly, the increased yield of extracellular VLPs mediated by Gag alone was also detected in HPS2 cells with ␤3A expression (Fig. 3D) . In contrast, Src⌬MAGag-mediated VLP release from ␤3A-expressed HPS2 fibroblasts was not altered (Fig. 3E and F) . These data, together with the results shown in Fig.  2 , indicated that no virion components other than HIV-1 Gag proteins are involved in AP-3-dependent particle assembly and release and that the MA domain plays an important role in the recruitment of the AP-3 sorting machinery.
Complementary to transient reconstitution of the AP-3 complex, we used an alternative approach to generate HPS2 fibroblast populations stably expressing full-length wild-type ␤3A. In our experiments, HPS2 fibroblast cultures were transduced with a pBABE retroviral vector encoding the ␤3A subunit. Pooled populations, referred to as HPS2 (␤3Aϩ) populations, were selected for hygromycin resistance. To test whether expression levels of the AP-3 complex are restored in HPS2 (␤3Aϩ) populations, we performed Western blot assays on samples from HPS2 fibroblast cultures and HPS2 (␤3Aϩ) populations. HPS2 (␤3Aϩ) populations exhibited increased levels of the two large subunits of the AP-3 complex, ␦ and ␤3A, compared to HPS2 fibroblasts (Fig. 4A) . We subsequently examined whether the impaired function of AP-3 in the sorting of lysosomal membrane proteins was restored in HPS2 (␤3Aϩ) populations by quantifying cell surface levels of CD63 and LAMP-1. Our flow cytometry analysis indicated that the surface expression levels of CD63 and LAMP-1 were decreased in HPS2 (␤3Aϩ) populations compared to those in HPS2 fibroblasts (Fig. 4B) . The levels of CD63 and LAMP-1 surface expression in HPS2 (␤3Aϩ) populations were similar to those in normal fibroblasts, demonstrating that the defect in the AP3-dependent trafficking pathway seen in HPS2 fibroblasts is restored in HPS2 (␤3Aϩ) populations. We then evaluated virus release from HPS2 (␤3Aϩ) populations infected with VSV-G-pseudotyped NL4-3 viruses. Western blot analysis indicated that virus release from HPS2 (␤3Aϩ) populations was increased compared to HPS2 fibroblast cultures (Fig. 4C) . To gain quantitative data, similar experiments were repeatedly performed, and p24 levels in cell lysates and supernatants were determined in ELISAs. Consistent with Western blotting results, virus release from HPS2 (␤3Aϩ) populations was increased by about 3-fold compared to HPS2 fibroblasts (Fig. 4D) . Collectively, these gain-of-function studies demonstrated a specific role for the AP-3 complex in HIV-1 assembly and release.
AP-3 deficiency alters HIV-1 Gag subcellular localization. To determine the effect of AP-3 deficiency on HIV-1 Gag subcellular localization, we observed the distribution pattern of fluorescently tagged Gag in normal and HPS2 fibroblasts. As shown in Fig. 5A and B, Gag-CFP in the two fibroblast cultures exhibited three main patterns: a diffuse pattern (left), an intracellular punctate pattern (middle), and a dual intracellular punctate and PM pattern (right). To provide a meaningful comparison of Gag localization in normal and HPS2 fibroblast cultures, about 50 fibroblasts transfected with Gag-CFP were included in our experiments. The number of fibroblasts displaying the individual distribution patterns of Gag-CFP was recorded, and percentages of fibroblasts exhibiting the individual distributions were determined. At 20 h after transfection, more than 80% of normal and HPS2 fibroblasts displayed a weak and diffuse pattern of fluorescence (data not shown). At 30 to 36 h after transfection, 46% of normal fibroblasts showed the intracellular punctate and PM pattern, and 32% of normal fibroblasts exhibited an intracellular punctate pattern. In contrast to normal fibroblasts, only 16% of HPS2 fibroblasts showed the intracellular punctate and PM pattern, and 72% of HPS2 fibroblasts displayed an intracellular punctate pattern (Fig.  5C ). We also observed the subcellular localization of the Gag protein without a fluorescent tag in the two fibroblast cultures. Gag protein was detected by immunostaining with rabbit anti-p17 an- tisera. Similarly, the reduced PM localization of Gag was also detected in HPS2 fibroblasts compared to normal fibroblasts (data not shown). These data suggest that AP-3 deficiency decreases the PM localization of the HIV-1 Gag.
Our previous colocalization studies reveal that, in HeLa cells, dominant inhibition of the Gag-AP-3 interaction eliminated the colocalization of HIV-1 Gag with the LE/MVB marker CD63 (22) . To examine whether AP-3 deficiency also affects Gag-CD63 colocalization, we performed quantitative fluorescence colocalization studies. In our experiments, Gag-GFP and HcRed-CD63 were cotransfected into normal and HPS2 fibroblasts. At 30 to 36 h after transfection, cells were fixed for confocal microscopy. In normal fibroblasts, a higher level of the colocalization of Gag-GFP with HcRed-CD63 was observed (R, 0.88 Ϯ 0.02; mean Ϯ standard deviation [SD]) (Fig. 5D) . In contrast, a lower level of Gag-GFP/ HcRed-CD63 colocalization was detected in HPS2 fibroblasts (R, 0.38 Ϯ 0.03) (Fig. 5E) . The difference in levels of Gag-GFP/ HcRed-CD63 colocalization was found between normal and HPS2 fibroblasts, suggesting that AP-3 deficiency reduces HIV-1 Gag localization at the LE/MVB compartments (Fig. 5F ).
The reduced Gag localization at the LE/MVB seen in HPS2 fibroblasts implied that Gag is entrapped in other subcellular compartments. To determine the identity of subcellular compartments where HIV-1 Gag is enriched in HPS2 fibroblasts, additional markers for the different subcellular compartments were employed in our experiments. Recent studies suggest that the AP-3 complex mediates membrane protein trafficking from the TGN or early endosomes to the LE/MVB compartments. As an AP-3 cargo protein, HIV-1 Gag may accumulate within the TGN or early endosomes in AP-3-deficient HPS2 fibroblasts. To test this hypothesis, Gag-CFP and YFP-Golgi, or Gag-HcRed and Rab5-GFP, were cotransfected into HPS2 fibroblasts ( Fig. 6A and  B) . However, either Gag-CFP did not colocalize with the marker for the trans-medial region of the Golgi apparatus (Fig. 6A , right and far right), or Gag-HcRed did not colocalize with the Rab5-positive early endosomes (Fig. 6B , right and far right). We next examined whether HIV-1 Gag without a fluorescent tag colocalizes with endogenous TGN38 (a marker for the TGN) or EEA1 (early endosome antigen 1, a marker for early endosomes). Similarly, Gag proteins did not accumulate at either TGN38-associated trans-Golgi network (Fig. 6C , right and far right) or EEA1-positive early endosomal compartments (Fig. 6D , right and far right). We 
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also assessed the colocalization of Gag with the endosomal SNARE (soluble N-ethylmaleimide-sensitive factor-activating protein receptor) proteins Vti1b (vesicle transport through interaction with t-SNAREs homolog 1B) and syntaxin 8, two potential markers for the transport intermediates between early and late endosomes (1, 4, 7, 57) . In normal fibroblast cultures, Gag exhibited lower levels of colocalization with Vti1b (R, 0.13 Ϯ 0.03) (Fig. 6E ) or syntaxin 8 (R, 0.18 Ϯ 0.02) (Fig. 6G) . However, in HPS2 fibroblasts, the degree of colocalization between Gag and Vti1b (R, 0.55 Ϯ 0.05) ( ies proposed that AP-3 deficiency results in increased lysosomal membrane protein trafficking to late endocytic compartments through the indirect pathway via clathrin-mediated endocytosis from the PM (18, 36) . Thus, it is possible that HIV-1 Gag follows a similar indirect pathway in AP-3-deficient cells. If so, the decreased particle release from HPS2 fibroblasts might result from the enhanced endocytic events occurring at the PM. To test this hypothesis, we used a DN approach to specifically interfere with early stages of the clathrin-dependent endocytic pathway in HPS2 fibroblasts and examined whether the inhibited particle assembly and release were reversed. In our experiments, dominant-negative mutants of dynamin (K44A) or Eps15 (⌬UIM) were employed to disrupt clathrin-coated vesicle budding from the PM or clathrincoated vesicle formation at the PM, respectively (56, 62) . Our transferrin uptake experiments indicated that HPS2 fibroblasts in the absence of DN dynamin or DN Eps15 exhibited the highly efficient cellular uptake of Alexa Fluor 546-conjugated transferrin from the surface (Fig. 7A) . In contrast, expression of DN dynamin or DN Eps15 in HPS2 fibroblasts eliminated or greatly reduced the uptake of fluorescently labeled transferrin from the surface (Fig.  7B and C) . These studies confirmed that either dynamin (K44A) or Eps15 (⌬UIM) could function as the endocytosis inhibitor.
We then examined the effects of the indicated endocytosis inhibitor on virus or VLP release from HPS2 fibroblasts. In our experiments, normal or HPS2 fibroblasts were transfected with NL4-3 as well as either dynamin (K44A) or Eps15 (⌬UIM). Immunoblot analysis of cell and virion lysates using anti-HIV Ig indicated that expression of either endocytosis inhibitor in HPS2 fibroblasts did not alter virus assembly and release (Fig. 7D) . To confirm the role of the clathrin-mediated endocytic pathway in AP-3-dependent particle assembly and release, Gag-protease expression plasmids, along with dynamin (K44A) or Eps15 (⌬UIM) expression plasmids, were transfected into HPS2 cells. Similarly, expression of either endocytosis inhibitor in HPS2 cells did not increase or decrease Gag VLP release (Fig. 7E) . Together, these results indicated that impaired particle assembly and release imposed by AP-3 deficiency were not restored by blocking the clathrin-mediated endocytic pathway.
DISCUSSION
In this study, we characterized HIV-1 particle assembly and release in AP-3-deficient cells derived from a naturally occurring deficiency in this pathway, HPS2. We described previously that siRNA-mediated knockdown of the AP-3 complex impaired HIV-1 particle assembly and release (22) . Here, we showed that HPS2 cells were inefficient in particle assembly and release and that the impaired particle assembly and release were rescued by reconstituting the functional AP-3 complex. Confocal microscopy revealed that AP-3 deficiency increased the accumulation of HIV-1 Gag at the Vti1b-and syntaxin 8-positive endosomes, resulting in a decrease in Gag localization to the PM. These results confirm an active role for the AP-3 complex in late stages of the HIV-1 replication cycle. Furthermore, AP-3 deficiency-mediated impairment of virus assembly and release was not restored by inhibition of the clathrin-mediated endocytic pathway.
To date, only 12 HPS2 cases were reported. Genetic studies have revealed that HPS2 patients carry mutations in the AP3B1 gene, which encodes the ␤3A subunit of the AP-3 complex (18, 26, 35, 64, 72) . In cells derived from HPS2 patients, all four subunits of the AP-3 complex become highly unstable and more sensitive to proteasome-mediated degradation (18, 26, 35) . As a consequence, the AP-3-mediated transport pathway is impaired, as characterized by increased trafficking of lysosomal membrane proteins to the PM (13, 18, 26) . Indeed, our flow cytometric assays indicated that, in the absence of AP-3, the cell surface expression levels of lysosomal membrane proteins CD63 and LAMP-1 were enhanced by 2-to 3-fold. However, our immunofluorescence microscopy studies showed that AP-3 deficiency did not alter the steady-state distribution pattern of CD63 and LAMP-1, confirming that the two missorted proteins follow an AP-3-independent pathway for transport to late endocytic compartments by the recruitment of the AP-2 sorting machinery at the PM (9, 18). Our p24 antigen ELISA and Western blotting results, showing reduced particle release from HPS2 cells relative to normal cells, are consistent with results reported for studies in transformed cells when using an siRNA approach to deplete endogenous AP-3 (11, 22) . Similar observations were also documented in HIV-1-infected dendritic cells (cis-infection pathway) (29) . Reconstitution of the AP-3 complex in HPS2 cells by transiently or stably expressing the full-length wild-type ␤3A subunit not only restored the impaired AP-3-dependent trafficking of CD63 and LAMP-1 but also rescued the inhibited HIV-1 particle assembly and release, emphasizing a specific role for the AP-3 sorting machinery in late stages of the HIV-1 replication cycle (5, 11, 22, 29) .
Expressing wild-type ␤3A in HPS2 cells improved the yields of extracellular Gag-Pol VLPs or Gag VLPs other than Src⌬MAGag VLPs, demonstrating that the MA domain is the key viral determinant required for the recruitment of the AP-3 sorting machinery. Indeed, our yeast two-hybrid studies further identified that a sequence of Lys-Trp-Glu-Lys-Ile-Arg at amino acids 15 to 20 within a predicted helical structure at the N terminus of the MA domain is required for binding to the AP-3␦ subunit (data not shown). Double alanine substitutions within this sequence failed to bind to the AP-3␦ subunit and impaired particle assembly and release (data not shown), suggesting that the KWEKIR motif of the MA protein may be involved in the recruitment of AP-3 to facilitate HIV-1 assembly and release. We should note, however, that evidence for direct binding between the ␦-subunit and MA was not reproducible by nuclear magnetic resonance methods that employed recombinant proteins in solution (42) . This may indicate that the interaction requires cellular membranes or other factors present when examined in yeast or mammalian cells, or potentially that a direct interaction between MA and AP-3␦ does not adequately explain the role of AP-3 on HIV-1 Gag trafficking and assembly.
In addition to the Gag-AP-3␦ interaction required for HIV-1 particle assembly and release, the interaction of ␤3A with the microtubule-based anterograde motor Kif3A (kinesin family member 3A) has been reported to be involved in HIV-1 Gag release (5) . In this study, Azevedo et al. proposed that IP 7 (diphosphoinositol pentakisphosphate)-mediated pyrophosphorylation of ␤3A is involved in regulating the ␤3A-Kif3A interaction (5) . The mechanisms of Kif3A-mediated linkage of the microtubule cytoskeleton to the AP3-dependent trafficking of HIV-1 Gag warrant further investigation.
Consistent with the impaired virus or VLP release from HPS2 cells, our confocal microscopy studies of subcellular localization of Gag-CFP or Gag in normal and HPS2 cells revealed that AP-3 deficiency prevented HIV-1 Gag localization to the PM. Nevertheless, decreased instead of increased Gag localization to the PM in HPS2 cells is in contrast to lysosomal membrane proteins, whose trafficking is affected by AP-3 deficiency through indirect mechanisms. As mentioned above, in AP-3-deficient cells, lysosomal membrane proteins are mistargeted to the PM, followed by the recruitment of the AP-2 sorting machinery at the PM to transport them to late endosomal compartments. As a consequence of altered trafficking of these proteins in AP-3-deficient cells, cell surface expression of lysosomal membrane proteins is increased (18) . We consider the possibility that AP-3 deficiency may promote clathrin-mediated endocytic events, resulting in reduced PM localization of HIV-1 Gag. Indeed, a previous study from the Thali laboratory reported a negative role for clathrin-associated AP-2 complex in HIV-1 assembly and release through the reciprocal interaction of Gag with AP-2 (6). However, dominant inhibition of early stages of the clathrin-mediated endocytic pathway in HPS2 cells did not significantly increase NL4-3 or Gag VLP release, excluding the PM origin for intracellular compartment-enriched Gag populations in HPS2 cells.
In mammalian cells, the AP-3 sorting machinery mediates membrane protein trafficking to late endocytic compartments (17) . AP-3 deficiency, therefore, may prevent Gag from reaching LE/MVB compartments. Our Gag-GFP/HcRed-CD63 colocalization studies in normal and HPS2 cells support that AP-3 deficiency decreases HIV-1 Gag trafficking to LE/MVB compartments. However, HPS2 cells also exhibited low to moderate levels of Gag-GFP/HcRed-CD63 colocalization (R, 0.38 Ϯ 0.03), raising the possibility that other host factors might complement AP-3 function in Gag trafficking to LE/MVB compartments. Indeed, AP-1 has been identified to mediate retroviral Gag trafficking to LE/MVB compartments and promote retroviral Gag release (11) . AP-1 silencing eliminated the colocalization of retroviral Gag with LE/MVB compartments and inhibited virus budding and release, suggesting that AP-1 may cooperate with AP-3 on mediating retroviral Gag trafficking to LE/MVB compartments. This hypothesis was further supported by their studies showing that depletion of AP-1 in combination with AP-3 induced an increased inhibition of HIV-1 release compared to depletion of AP-1 alone or depletion of AP-3 alone (11) .
Previous immunofluorescence and immuno-electron microscopy studies of AP-3 localization in mammalian cells indicated that AP-3 recruits cargo proteins on the TGN or early endosomes (53, 65) . As the AP-3 cargo protein, HIV-1 Gag in AP-3-deficient HPS2 cells was supposed to be accumulated within the TGN or early endosomes. Surprisingly, our fluorescence microscopy studies of HPS2 cells did not reveal a significant colocalization of Gag-CFP, Gag-HcRed, or Gag with either the trans-medial region of the Golgi apparatus, TGN38-positive trans-Golgi network, Rab5-positive early endosomes, or EEA1-positive early endosomes. In contrast, the levels of colocalization of Gag with the endosomal SNARE proteins Vti1b and syntaxin 8 were increased compared to normal cells, suggesting that AP-3 may be involved in the trafficking of HIV-1 Gag between early and late endosomes. A previous study with AP-3 ␦ Ϫ/Ϫ mocha mouse fibroblasts also reported that AP-3 deficiency increased the accumulation of the AP-3 cargo protein NPC1 (Niemann-Pick type C protein 1) at Vti1b-and syntaxin 8-positive endosomes (7) . Another important consideration for the present study is that the colocalization of Gag and the LE/MVB compartment observed by immunofluorescence microscopy in a number of cell lines is at least partly due to retention of particles by tetherin, followed by endocytosis to this compartment (48, 69) . Therefore, the static examination of Gag within intracellular locations may not represent outward or productive movement of Gag. Instead, the association of Gag and MVB markers at intracellular sites may represent a surrogate for particle formation at the PM when cells express tetherin and Gag is expressed in the absence of Vpu. This does not negate the fact that productive particle release was diminished upon AP-3 depletion by siRNA or in HPS2 cells and restored when AP-3 was restored.
Of note, in addition to its sorting role within the endocytic pathway, AP-3 has been determined to play a role in sorting protein to the regulated secretory pathway (3, 10) . Several previous studies indicated that intracellular Ca 2ϩ levels modulate HIV-1 Gag trafficking and assembly, presumably by regulating exocytic events (23, 24, 33, 54) . It is possible that AP-3 mediates HIV-1 Gag trafficking to the PM along the secretory pathway, which is regulated by intracellular Ca 2ϩ signaling. The linkage between Ca 2ϩ signaling and the AP-3-dependent secretory pathway in HIV-1 assembly and release needs further investigation. In summary, our studies in AP-3-deficient cells derived from HPS2 patients provide support for a productive role of the AP-3 complex in HIV-1 particle assembly.
